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Abstract
Several issues remain to be addressed for the commercial development of Resistive Fault Current Limiters based on
superconducting technologies (RFCL). In particular, the inhomogeneity of high temperature superconducting coated
conductors (HTS-CC) combined with the diﬃculty to predict RFCLs behaviour when interfaced with the existing elec-
trical grid represents an important bottleneck that limits their competitiveness on the electrical market. In order to study
the inﬂuence of the local inhomogeneity of the HTS tape on the global eﬀective performance of an RFCL, a modular
equivalent circuit model has been developed using SimPowerSystemsTM. The model implements an inhomogeneity dis-
tribution based on statistical data and takes into account the thermal conduction between diﬀerent zones of the HTS-CC.
It has been calibrated with experimental measurements and ﬁnite element simulations. The model can be used to study
various scenarios common to power systems, such as transformer in-rush currents, motor starts, etc.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Due to the increase of the power demand in the existing grid infrastructure and the novel concepts of
power generation (e.g. smart grids, distributed energy units etc..), the electric power network has to be able
to deal with higher levels of fault current. In this context RFCL are essential devices for the expansion of
the modern power systems. However, the HTS-CC critical current (Ic) inhomogeneity is a strong limitation
for such devices. For instance, a particular condition may underline the weak point of the HTS tapes [1]
(e.g. inhomogeneity) damaging the RFCL or leading it to an ill-timed intervention. Considering that RFCL
limiting performance is inﬂuenced by several parameters such as: the line impedance, fault impedance,
fault duration, electrical angle of the fault and nature of the load, we developed a numerical analysis software
module using Simulink SimPowerSystemTM library that allows to optimize the design of RFCLs to sustain
to dangerous operating conditions. In particular, our model includes inhomogeneity distribution for long
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Fig. 1. The total length of the HTS is divided in isothermal
blocks. The thermal conduction along the tape is implemented
as a thermal resistance between each block where Tk, Vk, Jck are
the temperature, voltage and the critical current density of the kth
block, while RT is the thermal resistance between the blocks
lengths taking into account thermal conduction between diﬀerent zones of the HTS tape. The thermal
calibration of the model has been performed with support of ﬁnite elements using short tape lengths while
the electrical part has been validated with experimental measurements.
2. Concept of the model
The total length of the HTS tape (Ltot) is divided in k isothermal blocks of length Lk (ﬁg. 1). Every
block models the electrothermal properties and the geometrical architecture of ﬁg. 8a [2] of a HTS-CC with
length Lk. At this stage, the heat exchange between tape and liquid nitrogen bath is not considered (adiabatic
assumption). Therefore, a block implements equations reported below:
1
Rk
=
1
Rsck
+
1
RNsc
(1)
Rsck = ρsck
Lk
Asc
(2)
ρsck =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
ρplk =
Ec
Jck(T )
(
|J|
Jck(T )
)(nk−1)
,Tk < Tc
ρnorm(T ) ,Tk ≥ Tc or ρplK ≥ ρnorm
(3)
Ick = Ic0k
( Tc − Tk
Tc − TLN2
)α
, Tk < Tc (4)
nk = n0k
( Tc − Tk
Tc − TLN2
)β
, Tk < Tc (5)
where Rk is the block total resistance, Rsck is the superconducting layer resistance and RNsc is the equiv-
alent one of all no-superconducting materials that compose the tape architecture (e.g. hastelloy, silver,
stainless steel etc.). The resistance of the superconducting layer Rsck is obtain with 2, where Asc is the
cross-section of the superconducting layer (1 μm thickness and 12 mm width). In particular, the resistivity
of YBCO ρsck is calculated using eq. (3). The ﬂux ﬂow regime is modeled with a particular form of the
well known power law, where Ec is a constant (1 μV/cm), J is the current density through the supercon-
ducting layer. Jck is the critical current density nk is the transition index of block k and ρnorm is the YBCO
normal state resistivity obtained from literature [3]. The critical current density Jck corresponds to Ick/Asc,
where Ick is the critical current of block k. The resistivity of each material is temperature dependent. The
tape inhomogeneity is modeled by assigning diﬀerent Ic0k and n0k to each blocks. The YBCO transition
temperature (Tc) corresponds to 90 K whereas, Tk is the temperature of block k and TLN2 is the operating
temperature, generally the one of liquid nitrogen (77 K). Finally, α and β are constants used to describe the
thermal dependence of Ic and n.
Cpk =
N∑
j=1
ρmjcpjV j, jth layer (6)
Cpk
∂Tk
∂t
= Qk(T ) (7)
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Fig. 2. Comparison between FEM and Sim model. Tempera-
ture proﬁles of subsection SC (TSC), SD (TS D) and SE (TS E)
are monitored for diﬀerent values of substrate thermal conduc-
tivity. Dashed lines show the corresponding Simulink block
temperatures.
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Fig. 3. The implemented power law has been calibrated com-
paring the model (Vsim) with the measured voltage drop (Vexp)
across the tape (6 cm). The red line is the measured current
which was also used as input in the Simulink model.
Qk = Rk(I, Ick,T )I2 +
(Tk−1 − Tk
RT
)
+
(Tk+1 − Tk
RT
)
(8)
The heat capacity of block k (Cpk ) is obtained by taking into account the heat capacity of the diﬀerent
HTS layers (6), where ρmj, cpj and Vj are respectively the mass density, the speciﬁc heat capacity and the
volume of the jth layer of kth block. The left side of equation (7) represents the power dissipated while,
Qk is the power sink. We assume that there is no gradient of temperature between the HTS layers. The
thermal conduction between diﬀerent parts of the tape (blocks) is considered through equation (8), where
the heat source is composed by three terms: the joule losses generated in block k and the heat exchange by
conduction between the two contiguous blocks.
3. Thermal calibration
The thermal resistance (RT ) can be determined using the Fourier’s law describing the heat rate in a wall
plane [4]. As mentioned above, we neglected the temperature gradient between HTS layers. We can see a
single block as thermal resistances paralleled. The thermal resistance RT between the blocks can be written
in the form of equation (9).
1
RT
=
∑
j=1
k j(T )Aj
Leq
, jth layer (9)
where k j and As j are respectively the thermal conductivity and the cross section of the jth layer of the
block k. The length Leq is a ﬁtting parameter that has no real physical meaning, it is an unknown of the
problem. The reason to introduce this factor Leq is to have a consistent RT proportional to the real thermal
conductivity and tape cross section area and inversely proportional to the block length. RT (Leq) can be
determined using ﬁnite elements models. Based on Dr. Roy experience [5], a 2D FE model (FEM) that
uses the same physics and geometry (Ltot=5 cm and Lk=1 cm) has been developed (ﬁg. 4a). Placing virtual
thermal probes each cm, FEM temperatures are compared with the Simulink model ones. The initial
temperatures of FEM subsections (SA, SB, SC, SD and SE) are respectively TS A = TS E = TS B = TS D = 77K
and TSC = 90K (ﬁg.2). The applied current density was zero,i.e., there are no heat sources. The substrate
thermal conductivity has been varied in several simulations from the reference value k∗ [6] up to 30 times
k∗. The chosen Leq is the value that minimizes the diﬀerence between the FEM temperatures and the ones
obtained from the Simulink model (ﬁg.2, Tsim).
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Fig. 4. xy-plane of the simulated CC (not drawn to scale) in
the 2D FE model (a). HTS inhomogeneity distribution used to
evaluate beneﬁt of thermal conduction implementation (b)
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Fig. 5. Voltage and temperature traces for a current pulse of
1.25Ic,av (a) and (b) with and without conduction implemen-
tation (solid and dashed lines). Thermal conduction leads to
faster increase of the total resistance across the tape (c).
4. Consideration about power law
Fig. 3 shows the electrical measurements made on a tape (length of 6 cm) with the architecture presented
in ﬁg. 8a that has been used a to calibrate the power law parameters (α and β eq. (3)). The sample has shown
critical current Ic,av=350 A and n=30 at 77 K. The applied current (Is) is greater than Ic,av only for few
milliseconds (red line). The diﬀerence between model and measurement is greater in the ﬂux ﬂow regime
and it tends to decrease once the transition to normal state is reached. Regarding the normal state regime,
the error is probably due to the thickness variation of layers (e.g. silver and hastelloy substrate) along the
length of the tape. The ﬂux ﬂow regime error might be related to the incomplete knowledge of n and Ic
thermal dependencies. The initiation of the quench and consequently the ﬂux ﬂow resistivity are strongly
inﬂuenced by those parameters. Therefore, an experimental validation of Ic and n temperature dependence
is necessary.
5. Impact of conduction on the limiting performance
Fig. 5 shows a comparison of the Simulink model with and without thermal conduction between the
blocks. In both cases, a current pulse of 1.25Ic,av has been applied. Neglecting the thermal conduction, the
quench time is proportional to the power dissipated in the blocks. Block 2,3,4 and 5 have low inhomogeneity
(ﬁg. 4b), the applied current is slightly higher than Ic,av and since there is no conduction, the high inhomo-
geneity of block 1 has no inﬂuence. Therefore, for these blocks the energy needed to quench is reached after
a relative long time (dashed lines ﬁg. 5a) leading to the resistance characteristic showed by the dashed line
in ﬁg. 5c. Considering thermal conduction, a term proportional to the temperature diﬀerence between the
blocks is added to the power sink. In the quench onset the heat conduction is negligible because the temper-
ature diﬀerence between the blocks is low, the two implementations give the same result (inset of ﬁg. 5c).
After a few milliseconds, block 1 shows a temperature (ﬁg. 5b blue line) much higher than the contiguous
ones. The exchange of power leads blocks with low inhomogeneities to faster transition with consequent
inﬂuence on the total resistance time evolution (solid line ﬁg. 5c). In conclusion, with low applied currents,
the thermal conduction implementation allows a more precise estimation of the HTS limiting performance.
6. Inhomogeneity distribution along tape length
This section presents an approach based on statistical analysis that allows to assign each block diﬀerent
electrothermal properties representing diﬀerent tape zones of inhomogeneity. Sample distribution data has
been provided by SuperPower Inc. [7]. Along 600 m of a commercial tape (SuperPower wire type SF12100),
Ic and n have been tested every 5 m under a voltage criterion of 0.2 μV/cm. The gaussian distribution g(σ, X)
of these 120 measurements (ﬁg. 6) shows that the critical current standard deviation (σ) is within 10% the
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Fig. 6. The critical current standard deviation (σ) is within 10%
while Ic inhomogeneity range is ±20% the mean critical current
Ic,av.
Ic0k% n0k P(Ick)
−16 26.74 2.5648
−8 29.78 23.2436
0 30.67 48.3832
8 30.16 23.2436
16 32.81 A 2.5648
Fig. 7. Each inhomogeneity zone is characterized by three val-
ues Ic0k%, n0k and P(Ick)
mean value (Ic,av) while, the range of inhomogeneity is ±20% Ic,av. The inhomogeneity range has been
divided and grouped in a ﬁnite number of Ic levels (green bars of ﬁg. 6). The levels have been approximated
with the central value. The probability (P(Ick)) of each levels Ic has been calculated. The value of Ic and the
average n value in the corresponding interval, are used to customize equations 3, 4 and 5. The probability
P(Ick) gives the percentage of the total length (Ltot) implementing the same transition characteristic. For
instance, the red point of ﬁg. 6 has Ic0k% =
Ic0k−Ic,av
Ic,av
· 100=-8%, n0k=29.78 and P(Ick)=23.24% (ﬁg. 7). This
means that the 23.24% of Ltot will be modeled by blocks with a critical current 8% smaller than Ic,av and a
transition index of 29.78. In the example of ﬁg. 6 we have chosen to implement 5 levels of inhomogeneity.
The thermal calibration has been done for Lk=1 cm (see section 3). Note that replacing Lk with (Ltot · P(Ick))
only in equations (2) while resolving the thermal problem keeping ﬁxed Lk = 1 cm, it is possible to model
the inhomogeneity levels for long tape lengths without increasing the number of blocks. In this case, the
electrical resistance Rk of eq. (1) is the resistance of block k scaled by the probability P(Ick). However, a
higher number of blocks corresponds to a more precise inhomogeneity distribution resolution. Moreover, a
number of block higher than the Ic levels allows to study the diﬀerent positions of the inhomogeneity zones.
7. Example of application
Some operations (transformer in-rush current, disconnection of inductive load etc.) could reveal the in-
homogeneity of the HTS-CC leading the RFCL to work in dangerous conditions. Therefore, it is necessary
to predict the RFCL limiting performance in such conditions. In the example shown in ﬁg. 9a, after 100
ms an inductive load is inserted in the circuit (ﬁg. 8b). The HTS-CC has been modeled with the inhomo-
geneity distribution of section 6. Even if the device is designed with extremely conservative assumption,
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Fig. 8. Sketch of the implemented tape cross section (a), Su-
perPower wire type SF12100. Equivalent circuit of a grid with
RFCL and a reactive load (b). The HTS was modeled with
the inhomogeneity distribution of section 5 and implements 5
blocks. the average critical current Ic,av is 365 A.
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Fig. 9. The inrush current of an inductive load (a) can lead
the RFCL to an ill-timed intervention (b). Fig. c shows that
due to the inhomogeneity, some zones of the HTS could reach
temperatures higher than the average one (Tav).
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Parameter Expression Description
U0 19 kV Voltage source
Zg 1.41 Ω Line impedance
Zsh 3.11 Ω Shunt impedance
XL 50 mH Load inductance
In,RMS 1005 A Nominal current
Ic,tot 2550 A (7 parallel tapes) Total Ic
LHTS 200 m Length single HTS branch
Table 1. Simulation parameters summary
Ic,tot>>
√
2In,RMS (dashed line ﬁg. 9a), the critical current through the RFCL (I f cl) during the transient is
slightly higher than Ic,tot. Therefore, unexpected limitation occurs (ﬁg. 9b). Due to tape inhomogeneity and
low thermal conductivity, some sectors of the HTS-CC could reach dangerous temperatures (ﬁg. 9c). Table
1 reports the parameter details used in the simulation. The position of the inhomogeneity zones has not been
investigated in this example.
8. Conclusion
This paper presents an innovative tool to assess the electrical and thermal performance of an RFCL
based on inhomogeneous HTS-CCs. The model allows to simulate RFCLs in real operating conditions
and study their impact on the electrical network. It has been developed using SimPowerSystemTM library
of Simulink and is able to interface with classic circuit elements. The model implements a way to take
into account the tape inhomogeneity based on statistical analysis. Using FE model and Simulink model
comparison, a simple approach to include the thermal conduction along the tape length has been proposed.
It has been shown that it is possible to calibrate the electrical part by means of over-current measurements.
However, there are still discrepancies, whose origins should be further investigated.
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